Camarodont sea urchins possess a rapidly evolving actin gene family whose members are expressed in distinct cell lineages in a developmentally regulated fashion. Evolutionary changes in the actin gene family of echinoids include alterations in number of family members, site of expression, and gene linkage, and a dichotomy between rapidly and slowly evolving isoform-specific 3' untranslated regions. We present sequence comparisons and an analysis of the actin gene family in two congeneric sea urchins that develop in radically different modes, Heliociduris erythrogrumma and H. tuberculutu. The sequences of several actin genes from the related species Lytechinus vuriegutus are also presented. We compare the features of the Heliociduris and Lytechinus actin genes to those of the the actin gene families of other closely related sea urchins and discuss the nature of the evolutionary changes among sea urchin actins and their relationship to developmental mode.
Introduction
There are two primary modes of development in sea urchins.
The ancestral form, indirect development, has been extensively studied and is the mode of development of most sea urchin species. Indirect development proceeds from a relatively small egg (generally, 60-l 20 km in diameter) to a feeding pluteus larva which can feed for up to several months before settling and metamorphosing into a juvenile. The other mode of development starts from a larger egg (300-2,000 km in diameter) and directly proceeds to a juvenile sea urchin following gastrulation (Wray and Raff 1991) . For example, in Heliocidaris erythrogramma, which has a 430~pm egg, no feeding occurs during juvenile development, and metamorphosis occurs approximately 4 days postfertilization.
As part of an investigation of the molecular evolutionary changes that underlie this radical shift in early development, we have defined the evolution and expression of the actin gene family in H. erythrogramma, a direct-developing sea urchin, and in its indirect-developing relatives. Heliocidaris tuberculata and H. erythrogramma diverged from Strongylocentrotus 30-35 MYA and from each other approximately 10 MYA ( fig. 1 ) (Phillip 1965; Smith 1988; Smith, Boom, and Raff 1990; McMillan, Raff, and Palumbi 1992) . The congeneric status of the two Heliocidaris species was established by analyses of 18s rRNA sequences, divergence estimates of singlecopy nuclear DNA, and mitochondrial DNA divergence (Raff et al. 1988; Smith, Boom, and Raff 1990; McMillan, Raff, and Palumbi 1992) .
Sea urchin actin genes are summarized in figures 1 and 2. The Strongylocentrotus purpuratus actin gene family was cloned and characterized by a number of researchers (Cooper and Crain 1982; Durica et al. 1988; Flytzanis, Bogosian, and Niemeyer 1989; Lee et al. 1984; Akhurst et al. 1987) . Strongylocentrotus purpuratus has six functional actin genes and two pseudogenes ( fig. 1 ). Five of the six functional actin genes express cytoplasmic isoforms that were divided into three isotypes, CyI, CyII and CyIII . Both the CyII and CyIII types are represented by two genes each, designated a and b. The CyIIa and CyIIb 3' untranslated regions (UTRs) are more closely related to each other (62%) than to any other 3' UTR, as are the CyIIIa and CyIIIb 3' UTRs at 90% (Durica et al. 1988; Hahn 1991) . The remaining actin isoform is expressed in muscle and is designated M. One pseudogene has been characterized, CyIIIc (Scheller et al. 1981 ; Lee et al. 1984) , and another has been hypothesized in the CyII class Akhurst et al. 1987) . Two linked actin genes have been isolated from the congener S. franciscanus (Foran, Johnson, and Moore 1985) , most probably CyIIa and CyIIb. A CyI ortholog has been cloned from a related urchin, Tripneustes gratilla (Wang et al. 1994) , and the entire actin gene family has been cloned and characterized from Lytechinus pictus (Fang and Brandhorst 1994) . This species has a total of four cytoplasmically expressed actin genes and one muscle gene. All sea urchin actin gene family members cloned thus far are closely related to each other. The cytoplasmically expressed genes have 97%-99% identity when compared to each other and the muscle isoforms share similar identities when compared to each other.
The embryonic expression patterns for each of the actin genes described above are known. Muscle isoforms are expressed exclusively in the muscle tissues of the developing larval pharynx. CyIII expression is restricted to tissues that are or will become aboral ectoderm (Cox et al. 1986; unpublished data) . CyI and CyII genes are expressed in a variety of tissue types including ectoderm and endoderm. However, the patterns of their expression differ depending on the urchin species (Cox et al. 1986; Wang et al. 1994; Fang and Brandhorst 1996; unpublished data Raff et al. (1988) ; Smith, Boom, and Raff (1990); McMillan, Raff, and Palumbi (1992) ; and Littlewood and Smith (1995) . The actin genes known for each of these species are indicated above the embryos (see text). The L. pictus gene designations of Fang and Brandhorst (1994) are given, along with their inferred identities in the nomenclature of Lee et al. (1984) believed to be involved in skeletogenesis (Fang and Brandhorst 1996) .
We undertook this study of actin genes in H. erythrogramma because of the rapid and radical evolutionary changes its development underwent in less than 10 Myr. The present study demonstrates that, although actin coding sequences are conserved, there has been a great deal of evolution among the actin genes of closely related sea urchins. No two sea urchin actins are identical at the amino acid level. There are changes in the size of the gene families among camarodont genera. There are changes in the number of actin genes used during development, and their sites of expression (Shott et al. 1984; Cox et al. 1986; Wang et al. 1994; Fang and Brandhorst 1996; unpublished data) . All of this has occurred in a 7-35Myr window. This is in sharp contrast to stability of actin genes over 350 Myr of vertebrate evolution. All mammals use six actin genes, four muscle isoforms and two cytoplasmic. There has been no report of a change in the tissue-specific expression of one of the chordate isoforms. Finally, although some evolutionary change in actin genes appears to be related to change in developmental mode in sea urchins, most of the evolutionary changes appear to be independent of developmental style.
Materials and Methods
Genomic DNA Preparation Genomic DNA was purified from H. erythrogramma and H. tuberdata sperm. Sperm (100 ~1) was diluted with 400 ~1 of ASW and then mixed with 10 ml of extraction buffer (0.1 mg/ml proteinase K, 0.1% SDS, 50 mM Tris-HCL, 5 mM EDTA; pH 8.0) and incubated overnight at 55°C. The DNA was then repeatedly extracted with phenol and chloroform, dialyzed against TE (10 mM Tris-HCl, 1 mM EDTA; pH 8.0), and stored at 4°C.
Library Construction and Screening
Genomic libraries from H. erythrogramma and H. tuberdata were constructed in Lambda DASH (Stratagene). Five genomic equivalents of the H. erythrogramma and H. tuberculata genomic libraries were screened. Hybridization conditions were moderate at 38°C in a solution that was 50% deionized formamide, 5 X Denhardt's, 5 X SSC, 0.1% SDS, and 100 pg/ml denatured salmon sperm.
cDNA Screening and Subtractions
Two unamplified
Lambda ZAP cDNA libraries were screened. The first represented pooled mRNA from midgastrula through prism stages of H. tuberculata, and the second pooled mRNA from midgastrula through 44-h-old stages of H. erythrogramma.
An aliquot of 500,000 PFU from each library was plated, and triplicate sets of lifts were made. The first set of lifts from each library was probed with a mixture of gene-specific probes (CyI, CyII, CyIII, and M 3' UTR sequences) under stringent conditions (42°C). The second set of lifts from each library was probed with fourth exon sequence at moderate stringency (38°C) in 50% formamide. Autoradiographs were compared and any plaques that were identified with the actin coding probe that failed to be detected with the isoform-specific probes were further characterized.
A lambda gtl0 library containing cDNA sequences derived from late (57 h) H. erythrogramma larvae was also screened. Q. = 5' CCAGTGAGCAGAGT-GACG; and Qt = 5' GAGGACTCGAGCTCAAGC. The forward gene specific primers were AC367E 5' AT-CATGTTCGAGACC and AC614E 5' CTGAGCGT-GAAATCG.
Total RNA (5 pg) was reverse transcribed with QT primer and RNase H minus MMLV reverse transcriptase (BRL) (Frohman 1993, pp. 340-356) . The first round of PCR amplification used AC367F as the forward genespecific primer, and Q0 as the reverse primer. The reaction was diluted l/1,000 and 1 ml was added to a second PCR reaction using AC614F as the forward primer and Qi as the reverse primer.
Primers for Genomic PCR of CyII genes were ACF universal 5' GCTCTTGTCAT(C/A/T)GA(C/T)AA(C/ T)GG and CyII 3' UTRl 5' TTATCAGTGAGAAT-CATCTC (located immediately downstream of the stop codon in a region of sequence conserved between Heliocidaris and Strongylocentrotus CyII 3' UTRs), and CyII 3' UTR2 5' ATGGTCACAATTGACAGC (located immediately upstream of the putative polyadenylation signal in HeCyII cDNA).
Genomic lambda clones for the L. variegatus actin genes were supplied by Roger Anderson (California Institute of Technology).
The actin genes were amplified from the lambda clones by PCR, using ACF universal 5' primer (see above), and ACR universal 3' primer, 5' TATTCCTGCTTGCT(T/A/G)ATCCA.
Lytechinus variegatus 3' UTR sequences and the Lv33 (LvCl) genomic sequence presented in this work were provided by Roger Anderson.
Sequencing
Manual sequencing used double-stranded template and was performed with the Sequenase 2.0 dideoxy sequencing kit (USB) incorporating 35S dATF! Automated sequencing was performed on the Li-COR automated sequencing system using double-stranded template, infrared-dye-labeled primers, and a PCR cycle-sequencing kit (Epicenter Technologies).
All Heliocidaris and Lytechinus sequences were submitted to GenBank. Their accession numbers are as follows: HeCyI-U09633, U09635, and U12271; HtCyI-U09634, U09636, and U12272; HeCyII(cDNA)-U22506; genomic HeCyIIGl-U82660-6 1; genomic HeCyIIG2-U82662-3;
HtCyII-U82658-59; HePsCyIII-U22505 and U24 15 1; HtCyIII (cDNA)-U22507;
HeM-U22503, U24107-9; HtM-U22504, U24125-7, LvC2-U82544-5; and LvC4-U82542-3.
Contour Clamped Homogeneous Electric Field (CHEF) Gels
Fresh sperm (5-6 l.~l) were resuspended in 994 ~1 High TE (0.01 M Tris-HCL, pH 9.5; 0.3 M EDTA) at room temperature, followed by the quick addition of 1 ml of 2% low-melting-point agarose in High TE at 50°C. After thorough mixing, 200 pl was pipetted into each of 10 prewarmed (50°C) CHEF plug molds and chilled at 4°C for 30 min. The plugs were removed and digested in a solution of 2 mg/ml proteinase K, 1% sarkosyl in High TE at 50°C. After 24 h, fresh digestion buffer was added, and the plugs were digested an additional 24 h. Plugs were stored at 4°C. All analyses used 3 mm of sperm plug (approximately 10 p,g DNA). Prior to restriction enzyme digestion, proteinase K and detergent were removed, and the EDTA level was reduced by a series of washes in TE that contained 0.005 M PMSF (phenylmethylsulfonyl fluoride). The plugs were then transferred to 1 ml of the appropriate restriction buffer and preincubated at the appropriate temperature for 1 h, with one change of buffer. Restriction digests were set up in 200-300 ~1 of buffer (enough to cover the plug) and 30 units of restriction enzyme. After 14 h, an additional 30-50 units of restriction enzyme were added, and the digests were allowed to proceed for an additional 4 h.
Restriction digests were analyzed in CHEF grade 1% agarose gels poured in a "long bed" and run in 0.5 X TBE. Electrophoresis markers were lambda concatamers and yeast chromosomes.
Running conditions were 14-16"C, using a separation range of 10 kb to 1.5 Mb and an included angle of 120". These conditions resulted in a running time of 28.22 h, progressing from an initial switch time of 0:00:00.47 s to 0:02:28.22 minutes and a gradient of 6.0 V/cm.
Alignments and Phylogenetic Reconstructions
DNA sequences not determined in this work were accessed from GenBank. Amino acid and nucleotide sequences were aligned with Clustal W (Higgins and Sharp 1988) and then refined by eye. Alignments were edited in MacClade, version 3.0 (Maddison and Maddison 1992) . Parsimony analyses were conducted with PAUP 3.1.1 (Swofford 1993) . Distance analyses were performed using several PHYLIP 3.5 programs (Felsenstein 1993) , and maximum-likelihood analyses with fastDNAml (Olsen et al. 1994) .
Results

Heliocidaris Gene Isolation and Linkage
Initially, Heliocidaris genomic libraries were screened using S. purpuratus 3' UTR DNA provided by Eric Davidson. cDNAs corresponding to the genomic clones were then recovered from a A gtl0 library (Hahn 1991; Hahn, Kissinger, and Raff 1995) . Three additional approaches were used to clone the remaining actin genes. The first was 3' RACE, which allowed cloning of any expressed actin gene regardless of type. The second was a cDNA library subtraction experiment that allowed the isolation of clones which screened positively for actin but negatively for any of the types that had already been cloned. The third was PCR from genomic DNA. Table 1 lists each of the cloned actin genes and their method of isolation.
RACE was performed on RNAs from several different developmental stages. PCR products from each stage were cloned, and a large number were sequenced. Heliocidaris tuberculata RNA yielded a new actin gene that was expressed in gastrula stage RNA (later identified as HtCyIII). Subtractions with unamplified cDNA libraries made with RNA pooled from several developmental stages did not yield any new genes. The few actin clones recovered from the screen were missing 3' UTR sequences.
Expression of CyII in H. tuberculata was not detected by 3' RACE, by cDNA library screening, or by probing a RNA gel blot containing RNA from successive developmental stages with a HeCyII 3' UTR probe (data not shown). However, a faint signal was detected on genomic Southern blots ( fig. 3~ ). Genomic copies of HtCyII and HeCyII were subsequently cloned by PCR from genomic DNA using a universal actin forward primer for the 5' end of the gene and two different CyII 3 ' UTR primers designed to be complementary to the HeCyII 3' UTR cDNA sequence. The HtCyII gene contains a few unique amino acid substitutions but otherwise is structurally intact and contains an open reading frame of the appropriate length. The two HeCyII genomic clones are identical at the amino acid level but differ slightly in nucleotide sequence. Both are identical (Crain et al. 1987) . Amino acid numbers are indicated above the beginning of each translated exon. UTR = untranslated region. Species names in parentheses indicate the species of origin for the probe fragment.
in the second intron and the proximal 85 nucleotides of UTR. The remaining 3' UTR sequence is similar to the HeCyII cDNA clone for another 40 nucleotides, but then diverges.
To determine the number of actin genes in the HeZiocidaris species and their possible linkage, CHEF and genomic Southern blots were each probed with coding regions and gene-specific probes. Both analyses show four prominent bands when probed with coding sequence from the fourth exon, and two or three faint bands, depending on the restriction enzyme used. Each of the four prominent bands can be identified by hybridization with a gene-specific probe. The remaining bands have not been identified, and their faint hybridization signal suggests that they are divergent ( fig. 3) .
In both Heliocidaris species, the CyI and CyII genes appear to be linked. When large fragments are analyzed by CHEF electrophoresis and probed with 3' UTR-specific probes using two different restriction enzymes, the same bands are detected with CyI and CyII probes ( fig. 3b and 6 ). The appearance of two bands on the CHEF blot is the result of allelic variation. Single bands for each isoform are detected on the genornic Southern blot which contained DNA from another individual. The smallest band that contains signals for both isoforms is 300 kb in size. No genomic lambda clone has ever been found to contain both genes, suggesting that they are at least 8 kb apart.
Sequence Comparisons and Gene Identities
The coding regions of the functional Heliocidaris cytoplasmic actin genes are 113 1 nt in length and encode putative polypeptides 375 amino acids in length. The genes are highly conserved at the nucleotide level. The majority of the observed changes occur in third positions of the reading frame and in a region of the fourth exon.
The traditional naming standard set for S. purpuratus using 3' UTR sequences runs into difficulties in The first, established by Lee et al. (1984) , uses the genus and species designation followed by Cy or M and a Roman numeral to designate the gene type as defined by 3' UTR sequence. The second system appeared after genes were identified whose orthology to existing genes could not be definitively ascertained. This system uses genus and species followed by C or M and an Arabic numeral (Fang and Brandhorst 1994) . We have named the Heliociduris actin genes according to the S. purpuratus model and the L. variegatus genes after their L. pictus homologs. For clarity, presumed Lytechinus gene identities according to the S. purpurutus model (when possible) are also provided in parentheses. Figure 4 shows an alignment of the divergent amino acids in the region from aa to aa in sea urchin actins. On the basis of relatively few amino acid differences, these genes can be sorted into groups. In general, the gene types appear to be more conserved between species than within species, indicating that the divergence of these genes predates the divergence of the species. The CyIII family members are different from the other cytoplasmically expressed genes in that they share a few amino acids characteristic of muscle actins. The H. tuberculata CyIII and the H. erythrogramma pseudogene are also similar, but the pseudogene has accumulated a number of changes that are shared with no other gene (a 4-bp insertion (TAAT) that inserts a stop codon in the reading frame) (data not shown). The distinction between CyI and CyII types is the most difficult, since it rests on only a few amino acid positions. The H. erythrogrumma CyI and CyII isoforms differ by only three amino acids in the available sequence.
The actin gene coding regions are highly conserved, but the 3' UTRs are less so. Figure 5 shows a comparison of all known cytoplasm& sea urchin 3' UTR sequences. UTR sequences from the different actin types are not easily aligned with each other, so each type is presented separately. The CyI 3' UTR appears to be the most widely conserved between species. Sequences from S. purpuratus and T. gratilla species, which diverged >35 MYA, are easily aligned. Such extreme conservation of an untranslated region suggests that this 
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3' UTR may serve a functional role in the regulation or localization of this transcript. The 3' UTR types can be divided into six groups: CyI, CyII (a and b), CyIII (a and b), a new Lytechinus sequence associated with a novel coding region, a novel Heliociduris sequence associated with a CyIII-like coding region, and a muscle type* Each species possesses a gene with a CyI-type 3' UTR. However, Lytechinus species have two genes with CyI-type UTRs. This situation is not analogous to that of the S. purpuratus CyIIa-CyIIb subtypes. In S. purpurutus, the subtypes that are similar in their 3' UTRs are also similar in their inferred amino acid sequences. In Lytechinus, one of the coding regions resembles S. purpuratus CyI, and one resembles S. purpuratus CyIII (fig. 4) . Some actin genes have coding regions indicative of one type of gene but have 3' UTRs indicative of another, or a novel, isoform. This "switching" is especially obvious in the Lytechinus CyIII type genes, LvC2 and LpC2, which both have CyI 3' UTRs, and the Heliociduris CyIII genes, which have unique 3' UTRs.
The HtCyIII and He pseudogene 3' UTRs are 82.7% identical. The S. purpurutus CyIIIaKyIIIb 3' UTRs are 74.4% identical, and share 44.4% and 53.4% identity, respectively, with HtCyIII in the proximal 350 nt of the UTR. All of the 3' UTRs are A/T rich, and the 3' UTRs associated with the Strongylocentrotus and Heliocidaris CyIII-type genes have several polythymidine stretches 3-9 nt in length ( fig. 4) .
Each of the Heliociduris 3' UTRs was analyzed by DOTPLOT analysis against each of the Strongylocentrotus isoforms to look for any conserved stretches of nucleotides. There is a 24-nt sequence that is conserved between the HtCyIII and the SDCVIII~ 3' UTRs. The HtCyIII sequence is 5' TATTACTCCATGTGGT-TAACTGTT 3 ', where the underlined letters are a perfe:t match G the SpCyIIIb sequence with no gaps. A search for matches in GenBankwas not informative. In HtCyIII, the conserved sequence is located between nucleotides 76 and 79, and in SpCyIIIb, it is located between nucleotides 350 and 373 (the numbering begins with 1 following the stop codon). No other significant similarities were found.
The 3' UTRs of the Strongylocentrotus and Heliociduris CyIII-type genes were analyzed with the GCG program STEMLOOP to look for any potential structural similarities. All 3' UTRs are capable of forming a large number of potential stems, although most are short and very A/T rich.
Phylogenetic Analysis of Actin Gene Family Members
An amino acid and nucleotide data set was constructed that included all of the sea urchin actin genes and two sea star @aster ochruceus) (Kowbel and Smith 1989 ) actin sequences as outgroups. Muscle genes were included in the analysis because it has been proposed that echinoderm muscle actins evolved from their cytoplasmic counterparts (Vandekerckhove and Weber 1984; Kovilur et al. 1993) . The data sets were analyzed by parsimony, distance, and maximum-likelihood analyses. In all of the phylogenetic analyses performed, none of the gene types forms a strongly supported monophyletic grouping other than the muscle forms, which do so regardless of whether third positions are included. When third positions are ignored or amino acids are used, the CyIII-type genes either are monophyletic or form a paraphyletic group outside of the CyYCyII group of genes. However, bootstrap support is low (34% on the amino acid tree, 22% by nucleotide parsimony) (data not shown). An examination of this node on the amino acid parsimony trees shows that four characters unite this node, one with a consistency index (CI) of 1.0, two with a CI of 0.75, and one with a CI of 0.5. Most of the other nodes in the tree are united only by a single character with a CI of 0.5 or less ( fig. 5~ ). Characters with a CI of 1.0 have no homoplasy (convergent evolution, or character duplication in another lineage) and are generally considered strong. CI values below 1.0 are indicative of some level of homoplasy.
The CyI gene comparisons of coding, 3' UTR, and promoter sequences indicate these genes are orthologous (Hahn 1991; Hahn, Kissinger, and Raff 1995) (fig. 5 ), but they do not form a monophyletic group in phylogenetic analyses. Heliociduris species have a slight bias toward cytosine in third positions in all genes and toward GGT as the codon for glycine, but no strong codon bias that would affect the analyses was detected. Gene conversion or recombination between isoforms within a species may be responsible for the aberrant phylogenetic result. A case of gene conversion in sea urchin actin genes has been reported for the S. purpurutus muscle actin (Cram et al. 1987 ).
An examination of the relationship of the CyI 3' UTRs to each other was made using parsimony on the proximal 205 nt ( fig. 6b ). It is difficult to establish a root for the 3' UTR sequences, but if a root is hypothetically placed where the arrow is located, the results are consistent with what is known about the relationships of the species and suggests that the CyI 3' UTRs attached to the genes classified as CyIs are monophyletic. Lytechinus species have two genes with CyI 3' UTRs, and both were included in the analysis. The two CyI 3 ' UTRs that are present in Lytechinus group together and form the basal branch of CyI genes if a hypothetical root is placed as indicated.
The relationships and true evolutionary identity of the CyII genes are more difficult to evaluate. The number of differences in the coding regions between the CyI and CyII genes is very small. The 3' UTRs can be aligned between S. purpurutus and S. frunciscunus, and weakly so with Heliociduris. The S. frunciscunus genes SfA-15 1 and SfA-152 appear to be CyII types based on comparisons of their coding regions, 3' UTRs, and linkage. A comparison of the HeCyII coding sequence with other actins shows that it belongs to the CyYCyII group. It was classified as a CyII by Hahn (1991) on the basis of similarity in the 3' UTR. HeCyII is 58% similar to SpCyIIa in the proximal 3' UTR (Hahn 1991 suggests that the Heliociduris genes may be the result of independent duplication events. The Heliocidaris introns are easily aligned with each other, as are the Strongylocentrotus introns ( fig. 7) . Alternatively, there may have been significant gene conversion among the Heliociduris CyI and CyII isoforms.
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Discussion
The highly regulated expression of the actin genes documented in S. purpurutus suggested two interesting hypotheses concerning actin expression in Heliociduris. First, the loss by H. erythrogrumma of the characteristic squamous epithelium (aboral ectoderm) of the pluteus of indirect-developing species suggests that the expression of the CyIII gene expressed in that cell type might have changed. Indeed, it has become a pseudogene and is not expressed in H. erythrogrumma (unpublished data). Second, the precise tissue-specific expression patterns of S. purpurutus actin genes suggested that it might be possible to use actin expression patterns to correlate tissue types between regions of H. erythrogrumma and typical plutei. This has not been borne out. Instead, we show here and elsewhere (unpublished data) that the actin gene family is highly variable in family composition, gene structure, and expression in sea urchins.
Both Heliociduris species contain representatives of each of the three major cytoplasmic actin gene types identified in S. purpuratus . Genomic Southern and CHEF blot analyses suggest that there may be an additional one or two actin genes in the Heliociduris genome that are unaccounted for at present. The unidentified hybridization bands that are detected by Southern blot analysis are weak, and we do not know if this represents a small target area generated by restriction within the target sequence or a divergent actin sequence. Strongylocentrotus purpuratus contains a total of six functional actin genes and two pseudogenes . Both Heliociduris species have at least three cytoplasmic genes, one of which is not functional in each species, and one muscle gene for a minimum estimate of four genes. Lytechinus pictus has a total of five actin genes, and all are functional (Fang and Brandhorst 1994) . Fang and Brandhorst (1994) suggested that an ancestral cytoplasmic actin gene duplicated and diverged to form the coding regions that are referred to as CyI and CyIII. Then, by additional gene duplications, divergence, and the addition or switching of 3' UTRs, the extant genes can be accounted for. The data presented in this study support this suggestion. Our phylogenetic analyses did not, however, identify which of the cytoplasmic lineages is the oldest, the CyIKyII or the CyIII. Addition of the novel Lp and Lv C4 sequences did not suggest an origin for these genes and resulted in an unresolved trichotomy with the other two cytoplasmic lineages.
The CyI and CyII genes almost certainly arose via a gene duplication.
The duplication event leading to these two gene types apparently took place before the split of Strongylocentrotus and Heliocidaris, since the species examined in each of these genera contain these genes ( fig. 1) . However, independent gene duplications in each lineage cannot be ruled out. Two lines of evidence support the hypothesis that the CyIKyII divergence occurred before the StrongyZocentrotuslHeZiociduris divergence.
First, the proximal region of the 3' UTR of the HeCyII gene shares 58% identity with the SpCyIIa 3' UTR. Independent duplication events within each lineage would be an extremely unlikely occurrence. Second, the CyI genes, which are clearly orthologous by all regions compared (Hahn, Kissinger, and Raff 1995) , do not form a monophyletic group in phylogenetic analyses either. This result suggests the possibility that these analyses are subject to fault with the given data set and running conditions or, more likely, that the phylogenetic analyses are detecting gene conversions within the different genera. For example, one of the HeCyI introns is more easily aligned with HeCyII than it is with other CyI genes, indicating that a conversion event is likely ( fig. 7) .
Two CyII genes, CyIIa and CyIIb, are present in S. purpuratus.
They are linked to each other, and to CyI. The duplication event that created CyIIb most likely occurred within the Strongylocentrotus lineage, as multiple CyII isoforms are not detected in Heliocidaris. Only one CyIII gene has been isolated from Heliocidaris, consistent with a duplication event that led to CyIIIa and CyIIIb within the Strongylocentrotus lineage. In Strongylocentrotus, the SpCyIIIb 3' UTR is highly unusual. The proximal 3' UTR consists of a 78nt direct repeat of the 3' end of the coding sequence. This is followed by a 105nt stretch of sequence that is itself directly repeated distally (Flytzanis, Bogosian, and Niemeyer 1989) . None of these features is detected in either Heliocidaris CyIII UTR. In each of the camarodont genera which have been examined, the CyIII genes have divergent 3' UTRs. The divergent 3' UTRs are conserved within a genus, but not between genera. Phylogenetic analyses of the coding region at the nucleotide level did not place the CyIII genes in a monophyletic group when all positions were included, but did when amino acids were used. When third positions are excluded the CyIIIs are monophyletic or-show a paraphyletic grouping outside of the CyI/CyII cluster. As these genes are all expressed in the same tissue type in the pluteus (Cox et al. 1986; Fang and Brandhorst 1996; unpublished data), we would argue that these genes are orthologous among camarodont sea urchin lineages.
We present sequence for three orthologous genes in L. variegatus. The Lytechinus gene family is interesting because it contains two genes with CyI 3' UTRs that belong to different gene types based on their coding regions and expression patterns. Additionally, the two remaining gene types have unique 3' UTRs that have not been observedin other echinoid species. One of the L. pictus genes appears to be a new cytoplasmic type, as it has a unique coding sequence and a unique pattern of expression (Fang and Brandhorst 1994, 1996) (fig.  5 ). The available linkage data for Lytechinus species (no genomic clone contains two genes) suggests that there may be no close linkage among actin genes in this species. Thus, it is difficult to determine if the two genes with the CyI 3' UTRs arose by tandem duplication followed by divergence in the coding region, or if some other mechanism was involved. Gene conversion or recombination among related actin genes provides mechanisms by which actin 3' UTRs may be evolving.
A general comparison of the actin 3' UTRs in sea urchins reveals two very interesting trends. There are the CyI 3' UTRs which have changed very little between the genera (Hahn, Kissinger, and Raff 1995) , and there are the CyIII 3' UTRs, which appear to be different in each genus examined thus far. It has become clear that 3 ' UTRs play a role in a number of regulatory events, including mRNA localization, signaling for polyadenylation, message stability, and translation initiation (reviewed in Jackson 1993). Human P-cytoplasmic actin 3' UTRs contain regions that are highly conserved among vertebrates (Ng et al. 1985) . Human P-cytoplasmic actins contain elements in their 3' UTRs that are responsible for localizing the message to the cell periphery. A conserved regulatory element responsible for actin downregulation during myoblast differentiation located near the polyadenylation signal has also been identified (DePonti-Zilli, Seiler-Tuyns, and Paterson 1988) . Deletion of the conserved 3' UTR in the human y-cytoplasmic gene leads to morphological aberrations (Lloyd and Gunning 1993) . The human p-and Y-cytoplasmic actins differ from one another by only four amino acids, yet their 3' UTRs are distinct, and each has been conserved at least since the divergence of birds and mammals. Yaffe et al. (1985) found that the human P-cytoplasmic actin 3' UTR is highly conserved, with the human form sharing 85% identity with rats and 60% identity with chickens. The human cardiac muscle actin 3' UTRs are 84% identical with rat and the human skeletal muscle actin 3' UTR is 75% identical to rat and chicken (Alonso et al. 1986) .
In light of the extreme conservation observed in vertebrates, the changes in the sea urchin CyIII 3' UTRs are intriguing. Analyses of the sea urchin actin 3' UTRs did not reveal any strong similarities among them. The HtCyIII and the SpCyIIIb gene share a 24-nt sequence of unknown identity and function in their 3' UTRs. This sequence is in different locations in each gene. Perhaps the most revealing finding is that the Lytechinus C2 genes (CyIII) have a CyI 3' UTR. The LpC2 gene (CyIII) of L. pictus is expressed in aboral ectoderm (Fang and Brandhorst 1996) . This cell type is also observed in Strongylocentrotus and H. tuberculata. This finding suggests that the 3' UTR of the CyIII gene may not have a conserved function, since it can be replaced with a highly conserved, and presumably functionally important, UTR with no observable effect. It would also suggest that whatever putative factor or factors that might normally interact with the Strongylocentrotus CyIII 3 ' UTR are not required for expression in aboral ectoderm cells in Lytechinus.
In an analysis of the Troponin I gene family and 14 other vertebrate gene families, Hastings (1996) discovered that the most conserved members of the gene families were usually the most broadly expressed members. Hastings reasoned that the more conservative evolutionary rate in these isoforms could be a result of the increased number of interactions, and hence constraints, on isoforms that are expressed in a large number of tissues. In sea urchins, the most broadly expressed actin family member is CyI. This isoform also appears to be the most highly conserved, not only at the amino acid level but in regulatory and 3' UTR regions as well, suggesting a large number of interactions Wang et al. 1994; Hahn, Kissinger, and Raff 1995) . The CyIII isoform, which is also highly conserved at the amino acid level, is only expressed in one tissue type and has no apparent conservation in 3' UTR regions.
Thus, several distinct levels of selection appear to be operating on the different actin isoforms. Because many of the actin genes are linked in sea urchins, and their origins are known, sea urchins provide a useful system for the study of actin evolution. The duplication and divergence events could then lead to the observed differences in expression patterns (Cox et al. 1986; Wang et al. 1994; Fang and Brandhorst 1996; unpublished data) . Obviously, this "shuffling" of expression patterns would be less likely to occur if there were functional differences between the actin gene types. It has been argued that there are real functional differences between the chordate gene types because of their high degree of conservation in structure and expression. However, little is currently known about the functional constraints of echinoderm actin genes (Rubenstein 1990 ). Evolution of the actin gene family is radically different between chordates and echinoids. These genes are thus operating under very different constraints in these two deuterostome taxa.
